Viral shells are self-assembled protein nanocontainers with remarkable material properties. They combine simplicity of construction with toughness and complex functionality. These properties make them interesting for bionanotechnology. To date we know little about how virus structure determines assembly pathways and shell mechanics. We have here used atomic force microscopy to study structural failure of the shells of the bacteriophage Φ29. We observed rigidity patterns following the symmetry of the capsid proteins. Under prolonged force exertion, we observed fracture along well-defined lines of the 2D crystal lattice. The mechanically most stable building block of the shells was a trimer. Our approach of "reverse engineering" the virus shells thus made it possible to identify stable structural intermediates. Such stable intermediates point to a hierarchy of interactions among equal building blocks correlated with distinct next-neighbor interactions. The results also demonstrate that concepts from macroscopic materials science, such as fracture, can be usefully employed in molecular engineering.
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virus capsid | virus prohead | 2D polymer | elasticity | nonlinear elasticity V irus shells self-assemble with 2D-crystalline order, often as icosahedra. An icosahedron of 60 units is the largest shell that can be formed with equivalent building blocks (1) . Shell proteins of larger viruses need conformational switches to accommodate binding in quasi-equivalent positions. Simulations for black beetle virus (BBV), southern bean mosaic virus, and human rhinovirus 14 (2) suggest that such different conformations imply a hierarchy of interaction energies.
Self-assembling closed shells are attractive as nanocontainers, e.g., for drug delivery (3) . Copying evolved viral self-assembly is difficult because of complex maturation processes with transient assembly intermediates (4, 5) , involving scaffolding proteins or other morphogenetic factors (6) . Nevertheless, one can glimpse principles of virus construction by mechanically probing the final product. We have here mechanically "reverse engineered" viral shells by atomic force microscopy (AFM) and analyzed structural failure.
Materials are typically characterized by their linear elastic response parameters (7) and by their failure thresholds. Empirically, tensile strength is approximately 5-10% of the Young's modulus (8) . In macroscopic bulk materials, failure starts from lattice defects. In shells, in contrast, localized nonlinear instabilities (buckling) are often the dominant mode of failure (9) . Viral shells are typically constructed as perfect 2D crystals, often from just one type of protein. Their mechanical response parameters are thus determined by protein-protein interactions and geometry. A continuum-material description has been remarkably successful for nanometer-sized biological structures (10, 11) , in particular viral shells (12) (13) (14) (15) (16) .
Φ29 is a double-stranded DNA bacteriophage that infects Bacillus subtilis. In the host, the viral genome is packed into a preformed shell, the prohead, by a portal motor (17) (18) (19) (20) . Proheads are prolate icosahedra (triangulation number T ¼ 3, elongation number Q ¼ 5; refs. 1, 18, 21), built from the protein gp8 arranged around the fivefold and quasi-sixfold symmetry centers of the icosahedron (Fig. 1) . The complete prohead consists of shell, connector (gp10), scaffolding protein (gp7), and head fibers (gp8.5) (21-23). The pseudoatomic structure of Φ29 was solved with 12.7-Å resolution (22) . The arrangement of gp8 in different locations results in five distinct next-neighbor interactions (Fig. 1B) .
Results and Discussion
We have here tested fracture of empty Φ29 shells with the tip of an AFM. Proheads (without gp7) were deposited on a glass surface and imaged by AFM in jumping mode (24) in buffer as described previously (13) . With this mode, one can set a low tip force and avoid destruction of the shells ( Fig. 2A) . Particle heights ( Fig. 2 C and D) agreed with earlier reports (13, 21) . Pentameric plates with three to five pronounced edges were visible, (22) with superimposed triangulation net, viewed perpendicular to the fivefold axis of the particle (based on European Bioinformatics Institute, EMD-1120, EMD-1117). The prohead is 45-nm wide, 54-nm long, and elongated along one fivefold symmetry axis; wall thickness ca. 1.6 nm (18, 22, 32) . (B) Schematic representation of gp8 monomer organization on the triangulation net of the Φ29 prohead: Monomers involved in intrapentameric interactions (magenta), hexamer units interacting with pentamer subunits (pink), hexamer interacting with other hexamer units (green), and equatorial subunits interacting in two additional conformations (dark-green, blue). Some monomer junctions are labeled with black circles, some edges around one pentameric plate by a yellow line. This article is a PNAS Direct Submission. 
D and F).
The average edge length was 20.8 AE 0.5 nm (SEM, N ¼ 12; Fig 2E) . Correction for tip broadening (10, 25) (see Materials and Methods) yields an actual length of 15 AE 1 nm. The edges of a pentamer of monomers around a fivefold vertex are unlikely candidates for the observed features because their side length is only approximately 9.5 nm (Fig. 2B ). It is likely that the pentamers are limited by the so-called protruding ridge domains (22) , located at the twofold quasi-symmetry axes. If true, then pentamers consist of five trimers of monomers (side length of ca. 16 nm). Five trimers thus seem to form a composite plate which is relatively easy to deform in the middle, but displays stiffer edges (Fig. 1B) . The local stiffness measured by AFM reflects both local material properties and shell geometry, which determines how force is distributed in the shell. Virus shells are inhomogeneous on the scale of the protein monomers. Junctions between monomers might be soft spots (Fig. 1B) , but the AFM tip with 15-20-nm radius probes the shell response averaged over several nanometers. Thus it is more likely that the observed edges correspond to hinges between plates (Fig. 1B) . Direct force on an angled hinge would tend to elicit a stiff response, whereas force next to a hinge would cause motion of a plate.
Force-distance curves were reversible and linear up to approximately 2 nN. After repeated indentations, the response showed discontinuities and became irreversible. Under larger forces (3-nN, 10-ms loading cycle), virus particles deformed irreversibly. Further indentations showed a strongly decreased rigidity ( Fig. 3 A and B) . Images taken subsequently at lower force (<200 pN) often showed clearly defined cracks in the shells and holes with polygonal edges (Fig. 3A) .
Exerting a point force on the virus prohead challenges the whole shell. Failure occurs not necessarily where force is applied, but either where the shell is weak, or where stress is concentrated due to geometry. We observed that the viral shells fractured along well-defined lines during repeated imaging with lower force (ca. 200-300 pN). Imaging a prohead in jumping mode involves a rapid succession of >10;000 approaches. Probing fracture while imaging has the advantage that fractures become visible immediately. Fig. 3 C-E shows three sequentially recorded images of proheads at increasing applied forces. In the first image (ca. 170 pN), the proheads remained intact. After two to three scans at 370 pN, the shells broke, revealing a horizontal fracture line in one shell. A hexameric plate can also be seen before and after fracture. Subsequent imaging at 130 pN showed permanent damage with clearly defined fracture lines.
To find out where fractures typically occurred, we analyzed proheads with well-visible fracture lines. Most shells displayed straight fracture lines and polygonal holes (Fig. 4) . Two types of damage were prevalent: indentation lines (N ¼ 20) (Fig. 4A ) and completely separated fragments (N ¼ 53) (Fig. 4 B-D) . A cross-section across an indentation line shows a (permanent) vertical displacement of approximately 3-5 nm. Straight fracture lines suggest failure along lattice lines. To identify locations of failure, we assembled a histogram of relative angles between adjoining pairs of indentation and fracture lines (Fig 4C, Upper  Inset) . We found distinct peaks at 60°and 120°, which implies that fracture follows the edges of the triangular segments of the icosahedral lattice. The average length of fracture lines with welldefined ends (32% of complete fracture lines) was 20 AE 1 nm (Fig 4D) , which agrees with the observed edges of pentameric features in the intact shells. Although fracture patterns had different shapes, all observed edge lengths and angles were consistent with those of trimers of gp8 shell proteins. We therefore conclude that fracturing primarily took place along the borders of gp8 trimers.
To support this conclusion, we estimated the energy dissipated during fracture. We selected force-indentation curves with clear discontinuities and otherwise linear response, also in the subsequent indentation (Fig. 3B) Virus shells are held together by the interactions between the shell proteins, with possible support from the enclosed nucleic acid (26) . The pattern of failure we found indicates that the Φ29 shells are constructed in a way that results in a hierarchy of interaction energies with the interactions around the threefold symmetry axis in the triangular faces the strongest. Such a hierarchy may be a fundamental principle of virus shell construction. Trimers have been suggested as building blocks in other viruses (27) (28) (29) . Covalent cross-linking around the threefold axis occurs (e.g., in HK97) (4, (30) (31) (32) . In T7, neighboring subunits get interlocked by domain swapping around the threefold axes (33) . Trimers of monomers thus also appear to be the building blocks from which the elongated Φ29 shell is assembled.
Trimers interact in four distinct geometries (Fig 1B) . To probe for further hierarchy, we classified the observed fracture lines (Figs. 1 and 4) . We found (Fig. 5) that the bonds between proteins in the twofold symmetry positions on the equatorial belt failed nearly twice as often as the bonds within the end caps. This outcome could simply reflect geometry. The equatorial region is cylindrical, whereas the end caps have spherical curvature. Buckling will thus occur in the equatorial region and fracture should be more likely. It is also known, however, that proheads are built with the help of a scaffolding protein (gp7) (23) . Without gp7, the shells assemble mainly into T ¼ 3 icosahedral particles (34) . The formation of the equatorial belt involves the formation of skewed hexamers, thus possibly diminishing the trimeric interaction strength in the equator, which could also cause failure in the equatorial region.
In conclusion, we found that Φ29 virus shells suffer structural failure under high stress in a way that shows analogies to the fracture of macroscopic solid shells. Failure location is likely due both to geometry (i.e., localized buckling) and to weak spots in the 
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shells. Molecular architecture manifests itself in the fact that fracture lines follow the edges of molecular building blocks. It is intriguing that a hierarchy of structure becomes evident in mechanical response. Although initial assembly takes place in the presence of scaffolding protein, followed by maturation, hierarchy may also play a crucial role in assembly. The lessons learned here about how the interplay between molecular structure and geometry determines the mechanical properties and the failure thresholds of the virus shells should help to guide our design of technical self-assembling nanocontainers.
Materials and Methods
Virus Preparation. The proheads were purified as described in ref. 18 . The AFM samples were prepared and treated as described in ref. 13 . All experiments were performed in PBS (pH ¼ 7.4) buffer.
AFM Imaging. Most images were made with a maximal force of approximately 100 pN, which did vary from experiment to experiment by about 50 pN depending on the details of the cantilever-sample engagement. Because the contact force is small and the contact area is only a few nanometers in diameter, we do not expect the tip radius to have a major influence. All images were made with an AFM (Nanotec Electronica) operated in jumping mode (24) . In this mode, the AFM executes a force-distance curve at every point of the topographical image in a raster scan fashion. The maximum normal force exerted by the tip on the sample is set as a parameter. In that way the maximal normal force applied to every scanned sample point is constant and known. The tip is moved in the lateral direction only when it is out of contact with the sample, so that shear forces are minimized. The cantilevers used in our experiments (OMCL-RC800PSA, Olympus) had conical tips with spherical apices with radii of approximately 17 nm (SD ¼ 5 nm, N ¼ 14). The cantilever spring constants were calibrated using the method of Sader et al. (35) . Both topographical images and the corresponding normal-force maps were recorded. Images were processed with WSxM software (Nanotec Electronica) (36) .
Correction for Image Dilation. Due to the finite radius of the AFM tip, sample features appear laterally dilated in the images, whereas heights are measured correctly. The AFM tip in contact with a virus prohead resting on a flat surface can be approximated by two spheres in contact with radius R t (tip) and r 0 (virus prohead) as long as the depth of features imaged on top of the proheads remains small compared to the tip radius (Fig. 6A) . From simple geometrical considerations, the apparent broadening half-width w h can be expressed as a function of the distance h from the top of the shell to the tip position, at which the width is measured as
Actual tip radii were determined from the height profiles of undeformed shells, recorded across their midsections, by comparing heights (known to be 45 nm) to apparent widths at small distances h where the conical shape of the tip does not contribute much to the broadening of the measured profile. With all other geometrical parameters known, we can estimate the actual lengths of the observed edges on the shells from the dilated apparent lengths. We perform this estimate by considering the apparent radius of a cross-section through the shells at the height at which the features were observed on the capsids surfaces, typically at a height of 1-2 nm below the top of the shells. This radius corresponds to the apparent width w h in Eq. 1. Typically, the dilation of the radius amounts to 2-3 nm. The actual length of a pentameric side a real can then be calculated from the apparent length a measured and the actual radius of the cross-section R real (Fig. 6B) as
Data Analysis. To relate the features observed on the virus proheads to their molecular structure, we use a mesh of triangles as a model for the virus shell. The surface of one triangle is tiled by three trapezoids representing the capsid protein monomers (Fig. 1B) . All proheads analyzed were attached to the glass surface parallel to their long axis. The schematic mesh (including the tip dilation effect) was matched by eye with the AFM images determining location and orientation on the surface (dashed frames in Fig. 4) . Two or more independent observers found only negligible differences in these parameters. Rotation of the shell around its long axis exposes different views of the upper surface features. Because the long axis is the axis of fivefold symmetry, a rotation of 72°is a symmetry operation. Thus we only needed to test angles between 0°and 72°for a best fit of lattice lines to the observed fracture lines. In fact, only four different orientations were found to accommodate all observed lines well, the orientation with one equatorial hexagon pointing up and angles of 18°, 36°, and 54°with respect to this orientation. Two of those four positions, respectively, are trivially related by flipping the particle upside down. Thus the virus shells appeared to have two preferred attachment geometries. Fracture lines were identified and classified from the AFM images in detail as follows: First, the orientation of the prohead in the x-y plane was obtained as described above. Lines were then drawn by hand following the visible fracture lines over a 3D-rendered topographical image using a certain illumination light angle for the rendering. Then the procedure was repeated with different light angles, which typically slightly altered the lengths and orientations of the drawn lines. Every actual fracture line on a shell was thus identified by more than one line, which were subsequently averaged to minimize the effect of illumination artefacts in the rendering procedure. The resulting pattern was matched to the triangular surface mesh by trying different rotation angles around the long axis, and the best fit was chosen (Fig. 4, Lower  Insets) . Lines across the shell surface were of two types, fracture lines where clear protein-protein separation had occurred along holes and deep cracks, and lines which looked like sharp edges on the shells, possibly without complete protein-protein separation, which we call "indentation lines". The indentation lines occurred less frequently than the first type, but most of the indentation lines progressed into fracture lines during repeated imaging. In total, the lines (both fracture and indentation) that matched lattice lines in the triangular mesh well were 75% of the total number (N ¼ 92, from 13 different proheads) of all observed linear features on the broken prohead surfaces. The remaining fracture lines which could not be clearly classified in the lattice framework were not considered in the further analysis.
The normalization of the count rates for a particular type of trimer-trimer contact line plotted in Fig. 5 was performed by dividing the frequency of occurrence of that particular contact within the subarea of the capsid surface probed (i.e., a part of the top half of the proheads) by the AFM tip in the two attachment configurations observed. The average opening angle of our tips was 64°AE 11°(14 tips used) and determines the fraction of the top half of the proheads actually contacted by the tip. The relative occurrence of interaction types one to four determined in this geometry is 45%, 10%, 25%, and 20%, respectively. 
